The tissue concentrations of the monoaminer gic neurotransmitters noradrenaline (NA), dopamine, and serotonin (5-HT) and of their major metabolites were measured by HPLC and electrochemical detection in sev eral rat brain areas after intracerebroventricular injection of streptozotocin (STZ). NA levels were found to be de creased in the frontal cortex by 14%, in the entorhinal cortex by 18%, and in the striatum by 38%. In the ento rhinal cortex, 5-HT levels were decreased by 19% and the 5-HT turnover rate, measured as the 5-hydroxyindoleace-
The energy metabolism in the central nervous system and thus normal neuronal function and structure are based on the breakdown of glucose, which is the major fuel for biological energy (Sokoloff, 1977 (Sokoloff, , 1980 Siesj6, 1978) . In the nonneu ral tissues, glycolytic glucose breakdown and pyru vate oxidation are known to be controlled by insulin and insulin receptors, respectively (Kahn, 1985) , but it is not yet clear whether insulin and the insulin receptors have the same functions also in the ner vous tissue. The existence of both insulin mRNA (Young, 1986; Marks et aI., 1990) and insulin recep tors in brain has already been established (Havrank ova et aI., 1978; Hill et aI., 1986; Werther et aI., tic acid/5-HT ratio, was found to be increased by 48%. These results may be indicative of a distinct susceptibility of some neurotransmitters in certain brain areas after a more general impairment of brain metabolism by means of intracerebroventricular application of the diabetogenic compound STZ. Key Words: Brain glucose metabolism Brain insulin-High performance liquid chromatogra phy-Monoaminergic neurotransmitters-Streptozo tocin.
1987). There is evidence that the concentrations of both insulin and insulin receptors in the brain are independent of peripheral insulin levels (Havrank ova et aI., 1979) . However, their functions are still the subject of controversy (for review see Baskin et al. , 1987) . Several investigations demonstrate an important role of insulin in the energy metabolism of neurons as in other cells (Phillips and Coxon, 1976; Iguchi et aI., 1981; Amir and Shechter, 1987; Pellegrino et aI., 1987) . Moreover, insulin has been found to be involved in neurotransmission. The synaptic specific reuptake of noradrenaline (NA) is inhibited by insulin, indicating a neuromodulatory action of insulin in the brain (Boyd et aI., 1985) . Insulin inhibits the firing rate of hippocampal pyra midal neurons (Palovcik et aI., 1984) and of sympa thetic nerves (Sakaguchi and Bray, 1987) and stim ulates the maturation of cholinergic neurotransmis sion (Puro and Agardh, 1984) .
Streptozotocin (STZ) is established as a means of inducing experimental diabetes mellitus in rats when given by intraperitoneal administration (Junod et aI., 1968; Mordes and Rossini, 1981) ; this is achieved by way of inhibition of the insulin syn thesis in pancreatic islet cells (Bolaffi et aI., 1987; Zucker and Archer, 1988) , decreased autophospho-rylation of the insulin receptor kinase (Kadowaki et aI., 1984) , induced insulin resistance (Hussin and Skett, 1988) , and also suppression of an insulin responsive glucose transporter (Garvey et aI., 1989) . When applied to the brain, STZ may there fore be expected to interfere either with insulin syn thesis or with insulin receptor function or both.
Provided brain insulin acts in the same manner as it does in nonnervous tissues (Kahn, 1985) , an im pairment of the brain insulin/insulin receptor sys tem is thus likely to cause disturbances in cerebral glucose and related metabolism. Intracerebroven tricular (icv) administration of STZ in a subdiabe togenic dose did, in fact, result in decreased utili zation of glucose and increased release of lactate from the rat brain (Nitsch et aI., 1989) , as well as in reduced concentrations of both ATP and creatine phosphate in rat brain cortex . The same treatment leads to an impairment of locomotor activity and of learning and memory in rats monitored by different psychometric tests (Mayer et aI., 1989 (Mayer et aI., , 1990 . This may be due to ab normalities in the cholinergic system, in which nerve growth factor and choline acetyltransferase levels are altered in the septal region and the cortex subsequent to icv STZ administration, via de pressed cerebral glucose metabolism (Hellweg et aI., 1989) .
There are at least two different conditions In which cerebral glucose utilization is found to be preferentially perturbed in the presence of normo glycemia: aging (Gage et aI., 1984; Smith, 1984; Dastur, 1985; Hoyer, 1990) and incipient dementia of the Alzheimer type (DeLeon et aI., 1983; Hoyer et aI., 1988 Hoyer et aI., , 1991 . The latter is characterized by an imbalance between (reduced) glucose utilization and (fairly normal or only slightly diminished) oxy gen consumption. There is evidence that the pertur bation in cerebral glucose metabolism precedes changes in glucose-related metabolic pathways (Hoyer, 1988; Hoyer and Nitsch, 1988) , such as the metabolism of amino acids, which are assumed to be partly used to substitute for lacking glucose as a fuel for energy formation . ATP production (measured and calculated) was found to be reduced in the brain of patients suffer ing from incipient dementia of the Alzheimer type (Sims et aI., 1983; Hoyer, 1991) . This energy deficit of �20% may obviously give rise to subsequent ab normalities in energy-dependent metabolic pro cesses (Siesjo, 1981; Erecinska and Silver, 1989) , one of which is the storage and turnover of mono aminergic neurotransmitters (Tis sari et aI., 1969; Mandel et aI., 1975) . In brain affected by dementia of the Alzheimer type, alterations were found in the concentrations of the monoaminergic neurotrans mitters NA, dopamine (DA), and serotonin (5-HT), that of 5-HT being the most markedly reduced after acetylcholine (e.g., Gottfries et aI., 1983; Palmer et al., 1987 Palmer et al., , 1988 Reinikainen et al., 1988; Herregodts et aI., 1989) .
Therefore, the present study was designed to in vestigate whether or not the metabolism of the monoaminergic neurotransmitters NA, DA, and 5-HT changes subsequent to icv STZ injection and, if so, which neurotransmitters are involved and in which brain areas. It was also of interest to learn whether or not a rather general variation in mono aminergic neurotransmitters occurred or whether the latter changed more specifically.
Here we demonstrate that NA drops markedly in the striatum and in the frontal and entorhinal corti ces; 5-HT drops most markedly in the entorhinal cortex with a concomitant increase in its turnover rate; and DA is unchanged in all brain areas inves tigated. Thus, a disturbance in cerebral glucose/ energy metabolism may precede abnormalities in distinct monoaminergic neurotransmitter concen trations in distinct brain areas.
MATERIALS AND METHODS

Animals
One-year-old male Wistar rats weighing between 390 and 520 g were obtained from the Zentralinstitut fUr Ver suchstierzucht (Hannover, F. R.G.). They were housed two per cage with free access to water and food pellets (Altromin standard, no. 1320). An inverse day/night cycle (12 h/ 12 h) allowed the performance of experiments dur ing the active period of the circadian cycle. The animals were divided randomly into two groups for icv injection of either STZ (n = 17) or artificial CSF (n = 17).
Surgical procedure
After anesthesia with chloral hydrate (240 mg/kg body wt i.p. in a 4% solution, Riedel-de Haen, Seelze, F. R.G.), each animal received a single unilateral (left side) icv in jection while held in a stereotaxic apparatus (Uhl, Asslar, F.R.G.). In the first group, STZ (Sigma, Munich, F.R. G. ) was injected in a subdiabetogenic dose (1.5 mg/kg body wt). In the second group, which served as the control group, artificial CSF (120 mM NaCi, 3 mM KCl, 1. 15 mM CaCI2, 0.8 mM MgCi2, 27 mM NaHC03, and 0. 33 mM NaH2P04, pH adjusted to 7. 2 by CO2 insufflation (all chemicals from Merck, Darmstadt, F.R.G.) was injected. The volume of fluid injected was the same in both groups (9 IL l).
Three weeks after the icv injection, the animals of both groups were killed by freezing of their brains in situ with liquid nitrogen under steady-state conditions (anesthesia 0. 5 vol% halothane, nitrous oxide/oxygen 70:30) in arte rial normotension, normocapnia, normoxemia, normogly cemia, and normothermia and then stored at -80°C until preparation of the different brain areas.
Sample preparation
Samples from the frontal cortex (43.2 ± 15.8 mg), the temporal cortex (48.0 ± 18.2 mg), the entorhinal cortex (36.9 ± 13.1 mg), the anterior part of the hippocampus (47.1 ± 21.8 mg), and the dorsolateral striatum (111.2 ± 37.8 mg) were dissected from horizontal brain slices (1.5 mm thick) in a glove box maintained at -lYC. After weighing, the frozen brain samples were homogenized with a potter and sonicated for 1 min in 0.7 ml of an ice-cold HPLC buffer as described below. After centrif ugation at 50,000 g for 20 min and extraction with a 2-fold volume of n-heptane (Merck) to remove cell fragments, denatured proteins, and lipids, the aqueous phase was filtered through a OA5-f1m Millipore membrane filter, af ter which 10-30 f11 of each filtrate was injected directly into the chromatographic system, with exception of the filtrates from the striatum samples; these were diluted with a lO-fold volume of the HPLC buffer for measure ment of DA and 3,4-dihydroxyphenylacetic acid (DOPAC) levels.
Chromatographic system
The HPLC system was made up of a Gilson 23 1140 1 autoinjector (Abimed, Langenfeld, F.R.G.), a Series 1 LC-pump (Perkin Elmer, U berlingen, F.R.G.), a pulse damper (Biotronik, Maintal, F.R.G.), a precolumn, 20 x 4.6 mm, packed with Nucleosil NH2 5 m, an analytical column, 250 x 4.0 mm, packed with Nucleosil 100-5C 18 (Macherey-Nagel, Duren, F.R.G.), and a Coulochem ESA detector (Environmental Sciences Assoc., Bedford, MA, U.S.A.) with a model 50 11 analytical cell. The de tector potentials were as follows: detector 1: + 0.32 V (oxidation); detector 2: -0040 V (reduction). The column temperature was controlled by means of a glass jacket coupled to a water thermostat (Colora, Lorch, F.R.G.) maintained at 28°C. The sampling and evaluation of data were carried out with Nelson 2600 chromatography soft ware, run on an IBM-compatible personal computer and a Nelson interface (ESWE, Sinsheim, F.R.G.).
Separation of the biogenic amines NA, DA, DOPAC, homovanillic acid (HVA), 5-HT, and 5-hydroxyindole acetic acid (5-HIAA) was obtained with a 0. 1 M phos phate buffer (N aH2PO 4 • H20; Merck), pH 3. 1, contain ing 3 mM I-octane sulfonic acid Na salt (Janssen, Jeel, Belgium), 0.5 mM dis odium ethylenediaminetetraacetate (Merck), 1.5 mM NaN3 (Ferak, Berlin, F.R.G.), and 24 vol% methanol (Merck) within 18 min. All chemicals were of analytical grade. Standards were obtained from Serva (Heidelberg, F.R.G.).
Statistical analysis
Data are expressed as means ± SD (n = 17). They were analyzed by means of the nonparametric two-tailed Mann-Whitney U test. Differences were accepted as sta tistically significant at p < 0.05.
RESULTS
NA tissue concentrations
In the control group, NA levels were highest in the frontal cortex (0.44 ± 0.06 ng/mg wet wt), the mean values being lower in all other areas studied: 0. 29 ± 0.06 ng/mg wet wt in the temporal cortex, 0.32 ± 0.08 ng/mg wet wt in the hippocampus, 0.34 ± 0.06 ng/mg wet wt in the entorhinal cortex, and 0. 34 ± 0.15 ng/mg wet wt in the striatum (Fig. O . STZ icv resulted in a significant decrease in the NA levels in the striatum (0.21 ± 0.06 ng/mg wet wt), in the entorhinal cortex (0.28 ± 0.05 ng/mg wet wt), and in the frontal cortex (0.38 ± 0. 04 ng/mg wet wt) (see Fig. 1 ). In the temporal cortex and the hippo campus, no differences from the control groups were observed.
5-HT tissue concentrations
The 5-HT levels in the frontal cortex (0.79 ± 0.17 ng/mg wet wt) and in the striatum (0.80 ± 0.22 ng/ mg wet wt) were about twice as high as in the other brain areas investigated (0.34 ± 0. 10 ng/mg wet wt in the hippocampus, 0.40 ± 0.14 ng/mg wet wt in the temporal cortex, and 0.43 ± 0.08 ng/mg wet wt in the entorhinal cortex in the control group) (Fig. 2) . A significant difference between the icv STZ treated group and the control group was observed in the entorhinal cortex, where the 5-HT tissue con centration decreased to 0. 35 ng/mg wet wt (Fig. 2) .
5-HIAA tissue concentration and 5-HT turnover rate
The 5-HIAA levels were highest in the striatum (0.86 ± 0.15 ng/mg wet wt) and in the frontal cortex (0.67 ± 0. 12 ng/mg wet wt) of the control group (Fig. 3 ). In the hippocampus (0.42 ± 0. 09 ng/mg wet wt), the entorhinal cortex (0.37 ± 0. 08 ng/mg wet wt), and the temporal cortex (0.28 ± 0. 05 ng/mg wet wt), the 5-HIAA levels were lower, as were the 5-HT levels. STZ icv had no effect on the 5-HIAA tissue concentrations (Fig. 3) . The 5-HT turnover rate, which was calculated as the 5-HIAA/5-HT ra tio, was found to be elevated from 0. 82 ± 0.26 (con trol) to 1. 21 ± 0.47 (STZ) in the entorhinal cortex ( Fig. 4) . No further changes were observed. Tissue concentrations of DA, DOPAC, and HVA;
DA turnover rate
The DA levels in the different brain areas ranged from values near the detection limit in the temporal and entorhinal cortex (both 0.09 ± 0.02 ng/mg wet wt) and the hippocampus (0.06 ± 0.01 ng/mg wet wt), through moderate values in the frontal cortex (0.32 ± 0.09 ng/mg wet wt), to high values in the striatum (7.12 ± 1.11 ng/mg wet wt). The DA me tabolites were detected only in the striatum (DOPAC: 1.42 ± 0.34 ng/mg wet wt; HVA: 0.94 ± 0.20 ng/mg wet wt). No differences were found be tween the control group and the STZ group. The DA turnover rate in the striatum (0.29 ± 0.03), cal culated as DOPAC + HV A/DA, also did not differ significantly between these two groups.
DISCUSSION
The results obtained in this study demonstrate an effect of icv STZ administration on the tissue con- centrations of the monoaminergic neurotransmit ters NA and 5-HT in distinct brain areas. Under the experimental conditions studied, both the N A (-18%) and the 5-HT (-19%) concentrations were reduced to a similar extent in the entorhinal cortex.
In the frontal cortex, only the NA tissue concentra tion was reduced, by 14%. Whereas these two neu rotransmitter systems are shown to be susceptible, the dopaminergic system does not seem to be in volved in these damaging mechanisms. This fact be came particularly obvious in the striatum, where the DA level was unaffected and the NA level was decreased by 38%. No changes were observed in the temporal cortex or in the hippocampus. The relationship between (pancreas) insulin effi cacy and brain neurotransmitters has been investi gated after the induction of experimental diabetes mellitus in rats in various studies. Th� most fre quent result reported has been a reduction in the cerebral tissue concentration of the 5-HT precursor tryptophan by 30--50% observed 1-4 weeks after intraperitoneal injection of STZ (Curzon and Fernando, 1977; Mackenzie and Trulson, 1978a; Trulson et aI., 1986) . In contrast to these reports, according to which there were no alterations in the brain tissue levels of 5-HT or 5-HIAA, concentra tions of these were also reduced 2 weeks after in traperitoneal STZ treatment in the study of Kwok and Juorio (1987) . In addition, a diminished synthe sis and turnover rate of cerebral 5-HT were found in rats with STZ-induced diabetes 2-3 weeks (Crandall et aI., 1981) and 4-6 weeks (Trulson et aI., 1986) after the injection.
All the diabetes mellitus-related changes in brain referred to here were reported to be reversible after treatment with insulin. Besides 5-HT, the DA syn thesis in the striatum and the limbic forebrain was also found to be reduced (Trulson and Himmel, 1985) , as was the DA turnover rate in the striatum (Shimomura et aI., 1988) . The turnover rate of NA correlated positively with the peripheral concentra tion of insulin (Smythe et aI., 1984; Trulson and Himmel, 1985) . Thus, all monoaminergic neuro transmitter systems in the brain seem to be suscep tible to impairment during diabetes mellitus induced by intraperitoneal injection of STZ.
Otherwise, when the immediate effect of insulin on the serotonergic metabolism of the brain was studied, icv administration of insulin was found to have no effect on the cerebral concentrations of tryptophan, 5-HT, or 5-HIAA (MacKenzie and Trulson, 1978a,b) . When STZ was injected icv, Lackovic and Salkovic (1990) found an increase in the rat brain tissue levels of NA, DA, and 5-HT 1 week afterward. This result seems to be in contrast to our findings in this study. It must, however, be borne in mind that Lackovic and Salkovic (1990) pooled the whole brain for their studies and did not separate distinct brain areas from one another. Fur thermore, they used a different analytical tech nique, which was not clearly described in their ar ticle. In accordance with most of the aforemen tioned investigations, the data from this study show a relationship between insulin efficacy and mono aminergic neurotransmitter levels in the brain, in particular a reduction of 5-HT and NA in several brain areas. Assuming that insulin acts in the brain in the same way as in nonnervous tissues, our data suggest a direct influence of insulin on neuronal glu cose metabolism and thus on subsequent energy dependent events such as neurotransmitter metab olism in general (Erecinska and Silver, 1989) and storage/packing (Mandel et aI., 1975) and turnover/ reuptake (Tis sari et aI., 1969) of neurotransmitters in particular. The specific pattern of the alterations may point to a selective vulnerability of the inner vated target cells. However, the cause of this re mains obscure. We speculate that the density of insulin receptors, which is known to be highest in the olfactory and limbic areas (Hill et aI., 1986; Werther et aI., 1987) , may play a role in the inci dence of metabolic changes. The entorhinal cortex, which is a part of the limbic structures, is regarded as one of the most vulnerable brain areas as was demonstrated for dementia of the Alzheimer type (Hyman et aI., 1984) . From a functional point of view, this area is of importance with respect to cog nitive processes: Entorhinal neurons carry afferent glutamatergic fibers, which provide the major cor tical input to the hippocampus via the perforant pathway (Hyman et aI., 1986 (Hyman et aI., , 1987 . As detailed above, this study demonstrated disturbances in neurotransmitter metabolism in this brain area.
The observed deficits in learning and memory (Mayer et aI., 1989 (Mayer et aI., , 1990 may also be at least partly related to the lesions of the serotonergic and nor adrenergic system. In particular, the serotonergic system is thought to be involved in cognitive pro cesses (Wenk et aI., 1987) , whereas the noradren ergic system seems to be of minor significance in this respect (Gold and Welsh, 1987; Altman and Normile, 1988; Ponte corvo et aI., 1988) . In conclu sion, we have demonstrated in this study that se lective losses in the tissue concentrations of the monoaminergic neurotransmitters NA and 5-HT may be due to an impairment of the cerebral glucose and energy metabolism after icv administration of STZ. Although it is not yet clear whether these al terations are the cause or the consequence of dam aging processes in some of their target regions, they are thought to be a metabolic basis of the deficits in learning and memory following intracerebral STZ application.
